In humans, CERKL mutations cause widespread retinal degeneration: early dysfunction and loss of rod and cone photoreceptors in the outer retina and, progressively, death of cells in the inner retina. Despite intensive efforts, the function of CERKL remains obscure and studies in animal models have failed to clarify the disease mechanism of CERKL mutations. To address this gap in knowledge, we have generated a stable CERKL knockout zebrafish model by TALEN technology and a 7bp deletion in CERKL cDNA that caused the premature termination of CERKL. These CERKL -/-animals showed progressive degeneration of photoreceptor outer segments (OSs) and increased apoptosis of retinal cells, including those in the outer and inner retinal layers. Additionally, we confirmed by immunofluorescence and western-blot that rod degeneration in CERKL -/-zebrafish occurred earlier and was more significant than that in cone cells. Accumulation of shed OSs in the interphotoreceptor matrix was observed by transmission election microscopy (TEM). This suggested that CERKL may regulate the phagocytosis of OSs by the retinal pigment epithelium (RPE). We further found that the phagocytosis-associated protein MERTK was significantly reduced in CERKL -/-zebrafish. Additionally, in ARPE-19 cell lines, knockdown of CERKL also decreased the mRNA and protein level of MERTK, as well as the ox-POS phagocytosis. We conclude that CERKL deficiency in zebrafish may cause rod-cone dystrophy, but not cone-rod dystrophy, while interfering with the phagocytosis function of RPE associated with down-regulation of the expression of MERTK. †
Introduction
CERKL is a gene known to cause retinitis pigmentosa (RP) and was first characterized in a recessive RP Spanish family in 2004 (1) . Until now twelve mutants have been reported worldwide (1) (2) (3) (4) (5) (6) (7) (8) (9) ; of particular note is the c.238 þ 1G > A of CERKL that underlies approximately 33% of autosomal recessive retinal degeneration cases in the Yemenite Jewish population (4) . Identifying the function of CERKL will help us to understand the pathological mechanisms of RP.
Human CERKL contains 13 exons that encode a polypeptide of 532 amino acids. The protein is a homolog of ceramide kinase (CERK), containing a Pleckstrin homology (PH) domain and an evolutionarily conserved diacylglycerol kinase (DAGK) domain (1) . Accordingly, CERKL is thought to be involved in sphingophospholipid metabolism, perhaps as a ceramide kinase (10, 11) . However, any kinase activity of CERKL remains to be demonstrated in in vitro and in vivo assays (10, 12) . The subcellular location of CERKL is highly dynamic, shifting from the ER-Golgi network to the nucleus (13) . In the mouse retina, the CERKL protein is prominently localized in the ganglion cell layer (GCL), inner nuclear layer (INL), retina pigment epithelium (RPE), and photoreceptor inner segments (14) . In zebrafish, immunofluorescence from cryosections revealed a strong signal in the outer segment (OS) and inner segment (IS) of photoreceptors (15) . The diverse cellular and subcellular localization of CERKL is accompanied by a complex pattern of mature mRNA transcripts that result from several transcriptional start sites and multiple alternative splicing events (16) . Collectively, these observations suggest that CERKL is likely to have multiple functional roles in different cell types.
Though an animal model is an important tool in the investigation of the function of CERKL, the complex gene structure of CERKL in the mouse presents special challenges for the creation of genetic mouse models. To date, two mouse models of CERKL have been constructed, one of which carried a deletion of exon 5 where the most common mutation (R257X) is located, while the other abolished the first exon plus 1.2kb upstream region; both models, however, showed no gross retinal dystrophy (11, 16, 17) .
The zebrafish model has become an excellent tool with which to investigate the mechanisms of retinal degradation, as the zebrafish retina has a similar structure -containing the same main cell types -to that of the human retina (18) . Furthermore, Zebrafish CERKL contains 13 exons encoding a protein of 577 amino acids that share 59% identity and 82% similarity with human CERKL. Unlike the complexity of transcripts seen in mouse and human, there are only three transcripts in zebrafish; this simpler structure offers the possibility of completely removing CERKL (19) . Studies in zebrafish have so far depended on transient knockdown using morpholino injection, which caused abnormal eye development and resulted in small eyes, defective retinal lamination, absence of cone and rod photoreceptors and increased apoptosis of retinal cells, in addition to markedly small head, curved body axes and short tail (19) .
In this study, we constructed the CEKRL knockout zebrafish by TALEN technology. We identified a 7bp deletion in the CERKL exon1, which causes a frame shift resulting in complete CERKL protein degradation. In CERKL -/-zebrafish, the disorganized OSs were observed from 2-month old, followed ultimately by photoreceptor death. A great deal of shed OSs was observed to have accumulated in the space between the OSs and RPE, suggesting that CERKL may regulate phagocytosis of OSs by the RPE. Meanwhile, we found evidence that CERKL might regulate the expression of MERTK, which plays an important role in the RPE's phagocytosis of OSs.
Results

Generation of CERKL mutant with TALENs
Transcription Activator-Like Effector Nuclease (TALEN), which is a new genome editing technique, has been a powerful tool for the generation of site-specific DNA double-strand breaks (DSBs) that trigger error-prone nonhomologous end joining (NHEJ) or homology-directed repair (HDR) pathway to induce insertion or deletion (indel) mutations in targeted genes, which typically results in amino acid changes or premature stop codons in the mRNA (20) .
To generate a CERKL (NM_001089474.1) knockout (CERKL -/-) zebrafish by TALEN, the target sites were designed at the first exon with the aim of inactivating the entire protein. The left and right binding sites of this TALEN were separated by a 18-bp spacer containing a Mlu1 digest site (Fig. 1A) . TALEN mRNA was injected into embryos at the one-cell stage. The injected embryos were raised to adult and the tail genomic DNA was extracted to screen the zebrafish that carried a mutation. A 377bp PCR product containing the TALEN site was amplified and digested with Mlu1 to generate two fragments of 265bp and 112bp in control embryos; the mutations induced by TALEN resulted in these two smaller fragments and the intact 377bp product. The individuals containing mutations were mated with wild-type (WT) zebrafish to obtain the heterozygous mutant zebrafish. With the sequence analysis of the heterozygous mutant zebrafish, 3 insertion or deletion mutations were identified in CERKL cDNA (Supplementary Material, Table S1 ). The 7bp deletion c.43_49delTGGTCGG in CERKL gene caused a frame shift resulting in an abnormal p.Trp15Argfs*21 CERKL protein (Fig. 1B) . After obtaining this homozygous mutation line, we measured the expression of CERKL. We found that the mRNA level of CERKL did not change (Fig. 1C) zebrafish showed no significant changes in the retina compared with control ( Fig. 3A) . At 2 months of age, although the thickness of the retinal outer layer of CERKL -/-zebrafish was similar to that of control, the outer segments of photoreceptors arrangement showed early signs of disorganization (Fig. 3B) . Progressive decrease in the thickness of the photoreceptor OSs was observed after 2 months of age. At 4 months of age, the OSs of photoreceptors showed obvious degeneration, appearing shorter than normal (Fig. 3C) , whereas there was little or no change in any of the other retinal layers. However, at 12 months of age, both the length of the OSs and the thickness of the ONL of CERKL -/-zebrafish showed significant decreases, indicating loss of rod and cone photoreceptors (Fig. 3D) . Photoreceptor death is a common process in retinal degeneration. Because the morphological results -thinning of the ONLindicated that the degeneration eventually led to loss of rod and cone photoreceptors in the CERKL -/-zebrafish retina, we examined retinal sections from WT and CERKL -/-zebrafish, using terminal deoxynucleotidyl transferase dUTP nickend labeling method (TUNEL) and active caspase-3 as markers for cell death. At 12 months of age, when the ONL was significantly reduced, we observed a high number of TUNEL positive photoreceptor and inner nuclear layer nuclei in CERKL -/-retinal sections ( Fig. 4A and B) ; in WT zebrafish retina of the same age there were no TUNEL positive signals. Furthermore, compared with the negative signal in WT zebrafish, many active caspase-3 nuclei were observed in the photoreceptor layer (but no other layers) in CERKL -/-retina ( Fig. 4C and D) . The results showed the progressive histological changes in the retina of CERKL -/-zebrafish begin at 2 months, ultimately leading to photoreceptor and inner nuclear layer cell death.
CERKL -/-zebrafish exhibited a rod-cone dystrophy phenotype
We extended the morphological studies by analyzing immunofluorescence of retinal frozen sections produced by antirhodopsin (4D2) antibody, which labels the rod OSs, and peanut lectin (PNA), which labels the cone OSs. At 1 month of age, no statistically significant difference in the OSs of both rod and cone photoreceptors was detected in CERKL -/-zebrafish retina compared to normal control ( degeneration in rod OSs were observed, but the length of cone OSs showed no obvious changes ( Fig. 5A and B, middle panel). By 7 months of age, degeneration of both rod and cone OSs had ensued, although rod OSs showed more severe damage than did cone OSs ( Fig. 5A and B, mid-bottom panel); by the age of 12 months, most OSs of rod and cone photoreceptors of the CERKL -/-zebrafish retina had diminished substantially. Moreover, the number of rod and cone photoreceptor nuclei in the ONL decreased significantly from 7 months ( Fig. 5A and B, bottom panel). The length of cone and rod OSs at the different ages was statistically analyzed ( Fig. 5C and D) . However, immunostaining and western-blot of green (opn1mw) and UV (opn1sw) opsin -which label green and UV cone OS, respectively -showed a normal expression pattern even at the age of 6 months (Supplementary Material, Fig. S2 ).
In order to confirm that rod cells were affected prior to cone cells in CERKL -/-zebrafish, a number of proteins that express specifically in rod or cone cells were examined at different ages. Rhodopsin, GRK1, GNAT1 and GNB1 are mainly expressed in rod cells, while GNB3 and GCAP1 are exclusive to cone cells (24) .
Results from western-blotting showed that in CERKL -/-zebrafish the expression of rhodopsin, GRK1, GNAT1 and GNB1 was not changed significantly at age 1 month, but rapid decreases were detected by the age of 2 months; in fact, by age 4 months the rhodopsin was almost undetectable. By contrast, compared with wild type, cone proteins GNB3 and GCAP1 showed no significant changes in CERKL -/-zebrafish even at age 4 months (Fig. 6A ). The statistical results are shown in Figure 6B . Results from qRT-PCR revealed that most of the genes showed no significant changes at the mRNA level, with the exceptions of Rhodopsin and GNB1B which showed a slight increase (Supplementary Material, Fig. S3 ).
CERKL knockout caused the interphotoreceptor accumulation of shed OSs
In order to examine the retina at the ultrastructural level, we performed transmission electron microscopic (TEM) analysis of CERKL -/-zebrafish retinas at ages 3 and 5 months. TEM results showed that at 3 months of age the most severe signs of degeneration occurred at the OSs near the RPE of CERKL -/-zebrafish (Fig. 7B , B') compared with WT (Fig. 7A, A' ). The OSs in WT zebrafish retina showed normal morphology and disc stacking (Fig. 7C , C') while disorganized and shortened OSs were observed in many rod photoreceptors of CERKL -/-zebrafish, consistent with the findings using light microscopy ( Fig. 7D, D' ). Fig. S4A , A'). These results imply that CERKL may play an important role in OS phagocytosis by the RPE; CERKL mutation may lead to defects in photoreceptor outer segment phagocytosis, eventually leading to photoreceptor degeneration. In order to confirm that dysfunction of phagocytosis occurred in CERKL -/-zebrafish larvae, the ultrastructure of rod and cone photoreceptors was examined at 12dpf (days postfertilization), at which time some shed OSs and membranous whorls were observed in the interphotoreceptor spaces of CERKL -/-(but not WT) retinas. While early phagocytosis deficiency was seen in CERKL -/-(but not WT) zebrafish (Supplementary Materials, Fig. S4C, C', D, D' ), the OSs of rod and cone photoreceptors in the retinas of CERKL -/-zebrafish showed no gross histological changes when compared to those of WT retinas.
Deficiency of CERKL leads to dysfunction of RPE phagocytosis and down-regulation of MERTK
To explore the underlying mechanism of dysfunction of RPE phagocytosis in CERKL -/-zebrafish, phagocytosis-associated protein levels were measured. Given that photoreceptor outer segment phagocytosis by RPE cells requires the coordinated activity of numerous cell surface and cytosolic proteins (25, 26) , in order to test if knockout of CERKL in zebrafish causes a deficiency of phagocytosis, we used qRT-PCR to measure the mRNA levels of several genes involved in photoreceptor recognition, engulfment and degradation in CERKL -/-and WT zebrafish at the age of 1 and 3 months. Only MERTK showed decreased mRNA level in 1 month CERKL -/-zebrafish compared to WT zebrafish (Fig. 7E ). At age 3 months, MERTK showed a further slight decrease in mRNA level. Expression of Cathepsin D and LAMP1 mRNA was also affected (Supplementary Material, Fig. S5 ). MERTK plays a key role in RPE phagocytosis: its deficiency causes accumulation of shed OSs and further photoreceptor death (27) . Expression of MERTK in the retina of WT and CERKL -/-zebrafish at the age of 1 and 3 months was measured by western-blot and was found to be significantly reduced in the CERKL -/-retina (Fig. 7F ) to 77% and 64% of WT values at 1 and 3 months, respectively (Fig. 7G) . We further investigated the expression of MERTK in CERKL knockdown ARPE19 cell line. The interference effects of three different siRNA were detected by qRT-PCR. By contrast with control, the target siCERKL#1 and siCERKL#3 can efficiently decrease the expression of CERKL (Fig. 8A, B) . Additionally, after knockdown of CERKL we observed that the protein and mRNA level of MERTK also decreased significantly (Fig. 8B-D) , similar to the results seen in the CERKL -/-zebrafish ( Fig. 7E-G) . To determine whether CERKL functions in OS phagocytosis, we assessed ox-POS ingestion in ARPE19 cells. Control siRNA and siCERKL#1 were transfected into ARPE-19 cells. We found a significant decrease of ox-POS phagocytosis by 41% (p ¼ 0.0017) in CERKL siRNA knockdown cells when compared to that of cells transfected with control siRNA (Fig. 8E and F) , suggesting a defect of phagocytosis in CERKL knockdown cells.
Discussion
The phenotype of the CERKL knockout zebrafish recapitulated the main features of the clinical signs and symptoms reported in RP patients: progressive retinal degeneration that begins with Patients with mutations in CERKL were initially diagnosed as having autosomal recessive RP, which is a form of rod-cone dystrophy. Subsequently, a comprehensive study of the clinical phenotype of RP patients caused by CERKL mutation identified early and prominent macular deficits, leading to the conclusion that CERKL mutations are associated with cone-rod dystrophy (2) . Although RP is a highly variable disorder, in most forms of the condition the decrease in rod function is more marked than the decrease in cone function; this is consistent with our CERKL knockout zebrafish that manifested more rapid degeneration in rods than in cones. Before 2 months of age, there was no significant difference between CERKL -/-and WT zebrafish retina, whereas rapid degeneration occurred in CERKL -/-retinas over 2 months old. The phenotype in the CERKL -/-zebrafish was in accordance with that of patients who showed normal development in the first two decades of life, followed by subsequent rapid neurodegeneration (2) . Irrespective of the order of photoreceptor degeneration (i.e., rod-cone or cone-rod), CERKL mutation-induced phenotypes do not match completely the traditional definition of RP due to the early, prominent macular rod and cone deficits and the relatively severe laminopathy in the late stages of the disease (28) . In this study, our results, based on a CERKL knockout in vivo model, reveal that the degeneration of the rod OSs is earlier and more severe than that of the cone OSs, thus supporting a rod-cone progression in CERKL mutant patients. It has been reported that CERKL interacts with neuronal calcium sensor proteins in the retina (29) . Other reports implicated CERKL in light stress (14) and oxidative stress (15) . One study proposed that CERKL is an mRNA-binding protein (30) . These results suggest that CERKL may have different functions in different types of cells. Although developmental defects additional to retinal deficiencies were observed in CERKL knockdown zebrafish (including small heads, markedly curved body axes and short tails) (19) , most of the cells that express CERKL were not obviously affected by the deletion of CERKL. It may be, then that in most cell types, the loss of the normal CERKL pathway might be compensated by other similar (or parallel) pathways. However, the rod photoreceptors were seriously affected at an early stage of development, suggesting that in rod cells loss of CERKL function cannot be compensated by another similar pathway. A lack of CERKL did not prevent normal development of rod photoreceptors but did result in failure in maintaining the structure and function of the phototransduction apparatus, i.e., expression of key phototransduction cascade proteins and the membrane structure of the OSs where phototransduction takes place.
Since the ERG b-wave in 5-7 dpf zebrafish larvae is determined entirely by cone photoreceptors, it is possible that the early reduction in b-wave amplitude seen in the 5-7 dpf CERKL -/-zebrafish larvae may be a consequence of deficits in the phagocytosis of photoreceptor OSs as observed in our TEM results (Supplementary Material, Fig. S4D, D' ), although the latter observations were made in older larvae (12 dpf). This reduced cone ERG response in the fish could also have implications for the cone dysfunction observed in patients, despite the lack of cone degeneration at this time point. When expression of photoreceptor cascade proteins was measured, rod-specific expressed proteins such as rhodopsin, GNAT1, GRK1 and GNB1 decreased significantly. More importantly, the decrease occurred between the age of 1 and 2 months when both rod and cone photoreceptor OSs showed no significant signs of cell degeneration. This suggests that the reduction in photoreceptor cascade proteins was a result of CERKL deletion rather than an effect of photoreceptor degeneration. However, there was no change in expression of GNB3 and GCAP1, both of which are cone-specific expressed proteins, even though GCAP1 is known to interact with CERKL. Viewed from this perspective, the primary site of damage of CERKL -/-appears to be in the rod OSs.
This conclusion leads us to propose that the earliest damage inflicted on rod photoreceptors due to human CERKL mutations occurs at the phototransduction level: specifically, by disturbing the structure and function of the phototransduction apparatus. It is interesting to note that the rod phototransduction cascade protein levels are significantly reduced while the mRNA might remain unchanged at the age of 4 months in our CERKL knockout zebrafish (Fig. 6A and B, Supplementary Material, Fig.  S3 ). It is possible that loss of CERKL causes defects in rod phagocytosis and results in detached rod OSs, which degenerate into membranous debris zones and lead to unstable phototransduction cascade protein degradation. The reduced rod protein level might also be due to reduced translation. As CERKL was found Figure 6 . Knockout of CERKL resulted in decreased protein levels in rod rather than cone photoreceptors. (A) The proteins -rhodopsin, GRK1, GNAT1, GNB1, GNB3 and GCAP1 -were detected by western-blot in wild type and CERKL -/-zebrafish. Rhodopsin, GRK1, GNAT1 and GNB1 express specifically in rods, while GNB3 and GCAP1 express specifically in cones. Tubulin acted as an endogenous control. (B) Relative protein levels of rhodopsin, GRK1, GNAT1, GNB1, GNB3 and GCAP1. Each experiment was repeated three times and statistical analysis was carried out. Data are presented as mean 6 SD. *P < 0.05, **P < 0.01, ***P < 0.0001.
to directly interact through its N-terminal region with mRNA and also to bind to some proteins of the translation machinery (30) , the loss of CERKL may lead to reduced de novo protein synthesis in our zebrafish. CERKL is distributed widely in the retina, expressing in the photoreceptors but also present in the INL, RGL and RPE. Previous studies mainly focused on the function of CERKL in the photoreceptor layer; its function in other retinal layers is unknown. The RPE plays a crucial role in maintaining the survival of photoreceptors, in particular through phagocytosis of shed photoreceptor OSs (31, 32) . A failure of phagocytosis will result in the degradation of some specific phototransduction proteins and death of photoreceptors (33) . Two presumptive consequences of this defective phagocytosis, specifically the formation of membranous whorls adjacent to the RPE surface and longer-than-normal OSs (34), were seen in our CERKL -/-zebrafish as early as 12dpf. In the retinas of 3-and 5-month-old CERKL -/-zebrafish, we also observed a high degree of interphotoreceptor accumulation of shed OSs, while the expression of MERTK significantly decreased in CERKL -/-zebrafish. In ARPE19 cells, we also found a significant decrease of ox-POS phagocytosis in CERKL siRNA knock-down cells, as well as in MERTK mRNA and protein levels (Fig. 8D-F) . These results suggest that CERKL may locate in the RPE and participate in RPE phagocytosis. Future studies may elucidate the molecular mechanism by which CERKL deficiency affects the expression of MERTK in retina. Finally, given that vision was diminished in the CERKL -/-zebrafish as early as age 1 week while degeneration did not occur until age 8 weeks, this 7-week "presymptomatic" interval may be a window of opportunity to screen for treatment options that might halt or delay disease progression. The zebrafish offers several advantages for eye research, including its transparent embryo that facilitates visualization of developing retinal structures and its amenability to pharmacological screens. The phenotypic features highlighted above make an even more compelling case for the CERKL -/-zebrafish model.
Materials and Methods
Zebrafish lines and maintenance
Zebrafish were kept under standard laboratory conditions at 28.5 C in a 14/10-h light/dark cycle. Fertilized eggs were obtained and grown in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33mM CaCl2, 0.33 mM MgSO4) at 30 C incubators. All the 
Generating CERKL mutant by TALENs
TALENs target sites were designed using the online service at: https://tale-nt.cac.cornell.edu/node/add/talen. The sequencespecific TAL effector repeats against the right and left arms were constructed utilizing the FastTALE TALEN kit (Sidansai Biotechnology, Shanghai, China). Templates for mRNA synthesis were linearized by Not1from TALEN expression vectors. mRNA of left and right TALENs were synthesized by the SP6 mMessage mMachine Kit (Ambion, Austin, TX, USA) and purified by Lithium chloride precipitation. The left and right TALEN mRNA were mixed at the ratio of 1:1 and co-injected into wildtype zebrafish embryos at one cell stage at a final concentration of 100 ng/ll each. To evaluate the efficiency of the generated TALEN, the genomic DNA of a total of 30 injected and normally developing embryos at 2dpf were extracted followed by PCR amplification. A 377bp DNA fragment containing the CERKL target site was amplified by PCR (5'-TTCCTCAAGAGCCTAGCGAC-3', 5'-TGTTACCCGCGTTGTCGTAA-3'), which were then digested by Mlu1. The digested products were separated by 2% agarose gel electrophoresis. To identify the mutation of their offspring, the F0 embryos were raised to adulthood and outcrossed with wild-type zebrafish. The F1 embryos were collected for genomic DNA extraction and digested by Mlu1 as described above.
HE staining and immunofluorescence
Eyecups dissected from adult zebrafish or zebrafish embryos were fixed in 4% paraformaldehyde (PFA in situ cell death detection kit conjugated with tetra-methylrhodamine or fluorescein isothiocyanate (Roche Diagnostics, Mannheim, Germany) was used according to the manufacturer's instructions after pretreatment with proteinase K. Images were captured using an OLYMPUS FV1000 Viewer confocal microscope. Table  S2 .
RNA isolation and RT-PCR
Western blotting
Adult zebrafish eyecups were isolated and homogenized in cold RIPA buffer supplemented with protease inhibitor cocktail (Roche). Protein concentrations were determined by the BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai, China). Ten micrograms of total proteins were separated on a 12% PAGE gel under denaturing conditions and immunoblotting onto NC membranes. Membranes were then blocked in 5% nonfat milk solution in TBST for 1 h at room temperature followed by incubation with primary antibody, mouse anti-rhodopsin (4D2) 1:1000 (Abcam), rabbit anti-GNB1 1:1000 (Abgent Biotech, San Diego, CA, USA), rabbit anti-GNB3 1:1000 (ProteinTech), rabbit anti-GRK1 1:500 (ABclonal, Cambridge, MA, USA), rabbit anti-GNAT1 1:500 (ABclonal), rabbit anti-GCAP1 1:1000 (ProteinTech), rabbit anti-Mertk 1:1000 (Novus Biologicals, Littleton, CO), rabbit anti-CERKL (ABclonal, Custom) at 4 C overnight. After washing with TBST, membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG secondary antibody in TBST (1:20000) and visualized using ChemiDocTM XRSþ system (BIO-RAD).
Transmission electron microscopy (TEM)
For TEM, zebrafish eyes were isolated and fixed in 4% PFA and 2.5% glutaraldehyde in PBS for 1 h at RT. After removing the lens and cornea, the retinas were postfixed in the same fixative solution for 1 h. After three washes with PBS, the retina was fixed again in 2% osmium tetraoxide and dehydrated through an ethanol gradient followed by treatment with propylene oxide and embedded in epoxy resin. Ultrathin sections were prepared using an ultramicrotome to obtain 1-lm-thick sections. Specimens were visualized with a transmission electron microscope (HT7700, Hitachi, Japan).
Phagocytosis assay
Photoreceptor outer segments (POS) were prepared from bovine retina. The prepared POS were oxidized through exposure to a 302 nm ultraviolet light for 18 h. The oxidized-POS (ox-POS) were labelled with CellTracker TM Dye (Thermo Fisher Scientific)
following the manufacturer's protocol. ARPE19 cells were seeded on coverslips in 12-well plates and transfected with control and CERKL siRNA. After 48 h, cells were treated with ox-POS (1 Â 106/ml) for 4 h, then washed five times with PBS and fixed with 4% PFA for 10 min at room temperature. The fixed cells were mounted with Vectashield medium containing DAPI (Vector Lab Ltd. Peterborough, UK). The phagocytosed ox-POS were visualized under LSM 510 Zeiss confocal microscope (Zeiss). The fluorescence intensity in treated and untreated ARPE19 cells was quantified using Image J software.
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Supplementary Material is available at HMG online.
